Algal research has the potential to address numerous industrial and environmental challenges. Despite this potential, informatics data for algae are relatively modest limiting the development of algal biotechnology. This study reports on the re-classification of the green algae strain UTEX 2341 as a case study demonstrating the need for improved public informatics data for algae. Observations in the literature from lipid and pigment research led to uncertainty surrounding the identity of UTEX 2341, originally classified as Chlorella minutissima. In this study, lipid and conserved-gene sequencing data were combined to establish the identity of UTEX 2341 as Auxenochlorella protothecoides. Unambiguous identification of strains that are maintained over long periods of time will require sufficient allocation of resources to culture collections. Furthermore, development of repositories for biochemical and physiological data, along with DNA sequence information, are needed to facilitate sharing of strain data between research institutions and culture collections.
Introduction
Algal research has tremendous potential to address global challenges related to food and renewable energy production [1] , climate change [2] [3] [4] , and water quality [5, 6] . Microalgae have high photosynthetic efficiency and are the fastest-growing primary producers on Earth [1] . Many strains can also grow in extreme environments unsuitable for terrestrial plant cultivation, such as brackish water and waste streams [7] , reducing competition for land and water required for food production. Furthermore, numerous studies have reported accumulation of products in algae that have applications in nutrition and medicine and that could serve as precursors for commodity fuels and chemicals [8] [9] [10] . Despite this industrial potential, algal bioinformatics data are limited [11] .
Algae represent the most evolutionarily and biochemically diverse group of organisms on earth, yet the NCBI database contains less than 150 completed and ongoing eukaryotic algal genome projects compared to 168 completed assemblies for Saccharomyces cerevisiae and 3005 completed assemblies for Escherichia coli [12] . This modest amount of genomic data limits the development of algal biotechnology and makes taxonomic classification of algae challenging. Full genome sequencing should be a priority, but a concerted effort will take years.
Moreover, full genome sequencing is unlikely to be practical for ongoing strain quality control regimens employed by labs and culture collections. Instead, a combination of conserved gene sequencing [13] , lipidomics, and metabolomics analyses can help fill the bioinformatics void, reduce the prevalence of taxonomic misclassification, and form the core of strain quality control protocols.
The majority of microalgal strains available from major culture collections were isolated and accessioned prior to the routine use of DNA sequencing for strain characterization. These strains were assigned taxonomic identities based on morphological and/or biochemical traits which did not necessarily reflect phylogeny. Morphological and biochemical characteristics alone are inadequate to elucidate the evolutionary relationships of microalgae. DNA sequence comparisons are also necessary for phylogenetic analyses. Indeed, taxonomic revisions within microalgal groups have become commonplace since the use of DNA sequences for identification has become widespread [14, 15] . For example, the genus Chlorella historically contained small, green, spherical, asexual, unicellular microalgae. However, comparative sequence analyses using rDNA genes demonstrated that these characteristics had limited phylogenetic information and that the genus Chlorella was polyphyletic [16] . The number of species in this group has been greatly reduced to include only three species that are considered the "true" Chlorella [17] . Difficulty in obtaining definitive identifications of microalgae has practical implications for quality assurance in culture collections. Algal culture collections often lack the resources to create DNA barcodes for their existing holdings and to utilize DNA sequencing Algal Research 12 (2015) 545-549 as a method of quality control to confirm the identity of strains at the time of accession. Moreover, maintenance of metabolically active cultures over long periods of time by serial transfer inevitably introduces the risk of cultures being compromised by contaminants or mislabeling. Culture collections have quality control mechanisms in place to identify and correct problems with compromised cultures. However, on rare occasions, these mechanisms fail, resulting in the loss of a culture or the distribution of a contaminated or misidentified culture. This is true even under the most rigorous operational standards such as those employed in the maintenance of mammalian tissue culture. For example, 360 known cross-contaminated or misidentified human cell lines have been identified and many of these have been used for published research [18] . This further underscores the importance of bioinformatics data for rapid identification and correction of such errors.
The green algae strain UTEX 2341 offers a compelling case study demonstrating the need for improved algal data. Like many other green algae, UTEX 2341 has properties that make it a prime candidate for the production of food, fuels, and bioproducts. Research has shown that it can synthesize significant quantities of oil, particularly the omega3 fatty acid eicosapentaenoic acid (EPA) [19] . For this reason, this strain has attracted attention as feed for shellfish [20] and was included in a Solazyme patent for oil production [21] . However, uncertainty surrounding the identity of this strain, originally classified as Chlorella minutissima, has arisen from lipid and pigment research [20, 22] . We suggest that this issue has not been resolved, due to a lack of sequence, metabolomics, and lipidomics data. High-throughput sequencing and metabolic profiling capabilities are now available to enable large-scale population of public databases with algal informatics data. This would allow rapid cross-referencing of algal genetic and metabolic data, facilitate identification of promising new strains, and assist with correction of misidentified algae.
Without public informatics data, strain mutations and misidentification can take years to resolve, during which time researchers continue to publish results with these strains. For example, UTEX 2341 has been employed in at least 124 publications based on a Google Scholar search and this figure does not include publications that fail to reference the strain by name. We now provide evidence, based on its fatty acid profile and its 18S sequence, that UTEX 2341 is Auxenochlorella protothecoides rather than C. minutissima as currently annotated.
Early reports using UTEX 2341 reported the presence of long chain polyunsaturated fatty acids, predominantly EPA [19, 23] (Table 1) . Gladu et al. described the strain as a "dull yellow-green color" [20] which contrasted with the bright green UTEX 2341 strain that we obtained from UTEX in 2006. The fatty acid profile of another C. minutissima (UTEX 2219) also exhibited significant amounts of long chain PUFAs, including EPA [19] . However, a publication by Li et al. in 2011 showed that UTEX 2341 contained predominantly C18 fatty acids with no long chain PUFAs [24] . Li et al. noted this discrepancy with earlier studies but suggested that fatty acid composition is sensitive to growth medium salinity: Seto et al. [23] observed increased EPA production under higher salinity. Because Li et al. cultivated UTEX 2341 on freshwater medium while Seto et al. grew it in saline water, they concluded that the fatty acid profile shifted due to the salinity difference. We have now cultivated the current strain from UTEX on freshwater medium and artificial seawater, and have not observed significant differences in either growth characteristics or fatty acid composition between the two culture conditions. Moreover, our observed fatty acid profile closely matches that of Li et al. for cultures grown in either freshwater or saltwater media, with no detection of long chain PUFAs (Table 1 ). This suggests that differences in salinity cannot explain the discrepancy in the fatty acid profile of UTEX 2341 in 2011 compared to profiles observed in the 1980s and 1990s.
Lipid profiling by thin layer chromatography performed by Haigh et al. [25] in 1996 showed that UTEX 2341 synthesized large quantities of diacylglyeryltrimethylhomoserine (DGTS) under certain growth conditions. This study also showed that EPA accounted for 92.9% of the fatty acids found in DGTS and that DGTS was a major source of EPA in UTEX 2341. Like Vazhappilly et al. [19] , Haigh et al. cultivated UTEX 2341 on saltwater medium. Our own lipid profiling of intracellular lipids from UTEX 2341 by LC-MS revealed no intracellular DGTS regardless of culture medium salinity (Table 2) . Interestingly, the current UTEX 2341 strain was found to secrete DGTS when grown on complex solid medium as documented by Kind et al. in 2012 [22] . To understand if this discrepancy is due to culture conditions, we repeated the experiment carried out by Kind et al. and found that both our 2006 strain and the current UTEX strain do in fact secrete DGTS when grown on complex solid medium (Table 2) . Nevertheless, the LC-MS data revealed that acyl chains associated with DGTS were predominantly medium chain fatty acids, not EPA as reported by Haigh et al. These lipid results Table 1 Fatty acid composition of algal lipids based on FAME analysis.
Chlorella minutissima
Auxenochlorella protothecoides indicate the possibility of a strain mix-up, culture mislabeling, or else a mutation that occurred at UTEX. This analysis also underscores the importance of using consistent culture conditions when employing metabolite analysis as part of strain identity confirmation.
To confirm the identity of our UTEX 2341 strain, we obtained a partial sequence (1668 bp) of its 18S gene by PCR followed by Sanger sequencing. When trimmed, this sequence was an exact match to a 1257 bp segment of the 18S gene in A. protothecoides (UTEX 250). We also sequenced a 1593 bp segment of the 18S gene from (Auxeno)chlorella protothecoides (CCAP 211/10C) and observed an exact match between this partial sequence and that of UTEX 2341. We also sequenced the 18S gene from the UTEX 2341 strain currently maintained at UTEX and observed an exact sequence match to our strain from 2006. When placed within a phylogenetic tree based on 18S partial sequences of~1 kb, we found that UTEX 2341 fell within the region occupied by A. protothecoides, and exhibited marked distance from other C. minutissima species (Fig. 1) . For example, the 18S gene from C. minutissima SAG 1.8 shared only 90.6% identity with that of UTEX 2341 over a 1668 bp overlapping segment. Our phylogenetic tree also suggests potential misclassification of a C. protothecoides species (strain 124) that clusters with two C. minutissima strains. Huss et al. sequenced strain 124′s 18S gene and concluded that this strain was not correctly annotated as C. protothecoides but that it fell within the Chlorella umbrella [26] . Thus, their phylogenetic tree based on 18S sequences also suggests significant misclassification of green algae. We also sequenced UTEX 2341′s internal transcribed spacer (ITS2, KT368819) between the 5.8S and 28S ribosomal rRNA genes and confirmed that this matched closely with that of another A. protothecoides strain (UTEX 31, KJ676121.1).
Partial 23S sequences (~500 bp) from a variety of Chlorella species also showed that UTEX 2341 clusters with A. protothecoides [21] . While this concurs with our classification of UTEX 2341 as A. protothecoides, this small segment is highly conserved at the genus level and therefore could not be used for conclusive identification of UTEX 2341.
Several previous analyses of A. protothecoides' fatty acid profile [27, 28] match quite well with our fatty acid analysis of UTEX 2341 (Table 1) . They contain predominantly C18 fatty acids with minimal long chain PUFAs. The fatty acid composition data, together with the partial sequences of 18S and ITS2 genes suggest that UTEX 2341 should be reclassified as A. protothecoides. That said, the lipid and fatty acid profiles from studies conducted in the 1980s and 1990s suggest that UTEX 2341 may have originally been a eustigmatophyte [20] but no genetic sequencing data was published to provide verification. It is possible that a strain switch occurred prior to 2006, accounting for the discrepancies in UTEX 2341′s lipid composition and physical appearance between previous and more recent publications. MGDG  23  23  0  9  9  1  DGDG  15  15  12  2  2  7  SQDG  0  0  0  14  14  12  DGTS  0  0  18  0  0  0  lysoDGTS  0  0  3  0  0  0  PC  43  43  16  11  11  4  lysoPC  4  4  0  3  3  0  PE  13  13  1  9  9  0  lysoPE  1  1 This case study combines lipid and conserved-gene sequencing data to establish the identity of UTEX 2341 and demonstrates that more extensive application of bioinformatics to algae is needed. Taxonomic assignments using ribosomal RNA can help clarify relationships among algae, but are most applicable to genus-level identification due to highly conserved sequences among strains of the same species such as those of A. protothecoides. Strain level distinctions require comparison across multiple genes and would be greatly facilitated by complete genome sequencing. Even as genomes come online, we believe that periodic conserved gene sequencing and metabolite analysis can serve as powerful quality control methods for long-term strain maintenance.
In addition to providing accurate strain comparisons and identification, bioinformatics data can facilitate basic and applied algal research. Given the industrial potential of algae such as UTEX 2341 for biofuel, bioproducts, and food production, it is imperative that culture collections have sufficient resources for unambiguous identification of strains that are maintained over long periods of time. Also the development of repositories for biochemical and physiological data, along with DNAsequence information, are needed to facilitate sharing of strain data between research institutions and culture collections. These publicly accessible data are critical to fully realize the potential of algae for industrial applications and address environmental challenges facing the planet.
Methods
C. minutissima (UTEX 2341), A. protothecoides (CCAP 211/10C), and Chlamydomonas reinhardtii (CC125) were cultured in N8-NH 4 freshwater medium [29] unless otherwise noted. Chlorella sorokiniana (UTEX 2805) was cultured in N8 medium [30] . Saltwater studies were conducted using artificial seawater based on UTEX artificial seawater with modifications: 18 g/L NaCl, 764 mg/L NH 4 [29] . Algae grown for DNA extraction were cultivated in bottles under the same illumination as hybridization tubes. Algae were harvested and lipids were extracted using the Folch method as described previously [29] . Fatty acid methyl esters and GCMS were performed using methods described previously [31] . The LC-MS/MS was performed using a published method with some modifications [32] : the gradient was shortened to 15 min and three collision energies were applied in the MS/MS level (20, 40 , 60 V CID).
DNA was extracted from freeze-dried algae using the Fast DNA Spin kit (MP Biomedicals). PCR reactions using the forward primer GCCAGT AGTCATATGCTTGTCTC, and the reverse primers CATCTAAGGGCATCAC AGACCTGT and TCCGCAGGTTCACCTACGGA were used to amplify partial segments of the 18S rRNA gene. These primers were based on universal fungal primers with modifications [33] . PCR was performed on a StepOnePlus qPCR instrument (Applied Biosystems) using Taq polymerase (Takara). The PCR cycle was 95°C for 25 s, 53°C for 30 s, and 72°C for 90 or 105 s (for the longer amplicon) over 40 cycles. Gel electrophoresis was used to confirm correct amplification and the PCR product was cleaned using a PCR clean-up kit (QIAGEN). Sanger sequencing was performed using both forward and reverse primers at the UC Davis DNA Sequencing Facility. Partial sequences were aligned and trimmed using the Geneious software package to obtain a~1700 bp 18S sequence. Geneious was also used to compare 18S sequences to those found in the NCBI database and to construct a phylogenetic tree using the Temura-Nei genetic distance model and the neighborjoining tree building method. Auxenochlorella strains were included in the tree to show similarity with UTEX 2341 while several "true Chlorella" species (Chlorella vulgaris and Chlorella sorokinana) and C. minutissima strains were included to show contrasts. Nannochloropsis species were included because UTEX 2341 had previously been proposed as a member of this genus. The red algae Porphyra yezoensis was included as an outgroup. Strains were selected largely based on public availability of nearly complete 18S sequences. PHYLIP was used to perform 1000 bootstrap replicates using the neighbor-joining method [34] .
